Optical interconnections integrated on a flexible substrate combine the advantages of optical data transmissions (high bandwidth, no electromagnetic disturbance and low power consumption) and those of flexible substrates (compact, ease of assembly...). Especially the flexible character of the substrates can significantly lower the assembly cost and leads to more compact modules. Especially in automotive-, avionic-, biomedical and sensing applications there is a great potential for these flexible optical interconnections because of the increasing data-rates, increasing use of optical sensors and requirement for smaller size and weight. The research concentrates on the integration of commercially available polymer optical layers (Truemode Backplane TM Polymer, Ormocer®) on a flexible Polyimide film, the fabrication of waveguides and out-of plane deflecting 45° mirrors, the characterization of the optical losses due to the bending of the substrate, and the fabrication of a proof-of-principal demonstrator. The resulting optical structures should be compatible with the standard fabrication of flexible printed circuit boards.
INTRODUCTION
The ever increasing telecommunication sector results in a continuously growing demand for higher communication speeds and data-rates, forcing the step towards optical data transmission. However long distance optical data communication has become a standard in telecommunication, the need for the electrical/optical conversion on short distance becomes quiet urgent. In this concern optical interconnections have been demonstrated up to board-level. In addition to this evolution components and electrical modulation systems become significantly more complex and dense, increasing the number of component I/O pads and their spatial density. More and more research have been demonstrated showing an increasing level of integration of components and transmission media in means of embedded active components, embedded electrical connections, optical fibers and waveguides.
Together with the trend of implementing optical connections onto-or embedded into printed circuit boards, an increasing demand for flexible substrates has been reported where the amount of applications for flexible printed circuit boards has doubled in the last 5 years [6] . Because of their flexible behavior, the use of these substrates can significantly lower the over-all substrate thickness and weight and most of all they can ease the assembly, increase the module compactness and can be applied as well to a flat as curvy, as well to a dynamic as static surface. In some applications the use of flexible substrates can enable large area substrates using roll-to-roll techniques. The ease of assembly also decreases the assembly cost, enabling cheap solutions. Most common applications are all the portable applications (mobile phone, digital camera, smart cards…), dynamical parts as in printers, intelligent clothes and the automotive-and airplane-industry.
Both increasing trends and needs result in applications which combines the advantages of integrated optical interconnections and flexible substrate technologies. The current use of optical fibers (mostly glass fibers) into flexible foils has serious restrictions regarding minimum radius of curvature, seriously limiting the compactness of the modules, and regarding the termination and interconnection of the fibers. As glass fibers need cleaving and polishing for good connector performances, and as this is not a 100 % yield process, extra lips need to be provided for re-work, again limiting the compactness of the solution. This paper focuses on the integration of optical waveguides, out-of-plane 45° micro-mirrors, opto-electronics and aligning structures onto a flexible spin-coated Polyimide substrate. The optical structures are made in highly transparent (@ 850 nm) commercial materials (Truemode Backplane TM Polymer, Ormocer®). Later on characterization of these structures will be done concerning static and dynamic conditions. Finally a proof-of-principle demonstrator will be proposed and fabricated.
MATERIALS
Optical layers (undercladding, core and uppercladding) have been successfully deposited on rigid substrates in the past by the TFCG Microsystems-group and optical elements as waveguides, out-of-plane 45º micro-mirrors and micro-lenses were integrated [2] . These rigid circuit boards have their main applications in optical backplanes, demanding very low light propagation losses of the optical path. Bulk materials for these optical layers were chosen to have low losses at a typical wavelength of 850 nm for data communication and 1.3 or 1.55 µm for telecommunication applications [3] . The optical materials should be able to be deposited by spincoating, which enables a cheap and reproducible process resulting in layers with sufficient thickness uniformity. Special care must be taken to ensure the compatibility of the production process with the standard PCB production processes. This means the materials should be inert to production solvents and temperatures used during the production steps of the electronic assembly afterwards. The substrate should be physically and chemically stable in temperatures of about 280 degrees during solder reflows and in temperature cycling's from -40 to +85 degrees. Truemode Backplane TM Polymer and Ormocer® are two commercially available materials which fulfill these requirements and have shown good specifications during processing. Ormocers® consist of inorganic networks (silanes) additionally crosslinked by organic sidechains during UV exposure and they have a degradation temperature of about 280 ºC [5] while Truemode Backplane TM Polymer is an acrylate polymer with a degradation temperature of 350 ºC [7] .
The flexible substrate itself consists of spin coated Polyimide. Polyimide is the dominant material in the flexible circuits industry because of its numerous advantages including excellent flexibility at all temperatures, good electrical properties, excellent chemical resistance, very good tear resistance and a high glass transition temperature (up to 500ºC) [1, 8] . The ability to spincoat the Polyimide has several advantages in comparison with a classical Polyimide foil. Many efforts have been done to implement the optical layers onto the Polyimide foil but due to the difference in coefficient of thermal expansion between the foil and the optical material, the internal stress between those two becomes too high, resulting in substrates which crack when exposed to just a little curvature. During processing the substrate also attends to curl, which demands for a proper anchoring of the Polyimide foil, which causes some problems. The spin coat version of Polyimide is actually a polyamic acid solution. A cure heating cycle converts the acid to the insoluble imide and drives out remaining solvent. Typical thickness of such a spin coated layer is 5 µm (@3000rpm). Thicker layers can be achieved by spincoating several layers sequentially.
INTEGRATION OF OPTICAL LAYERS ON A FLEXIBLE SUBSTRATE
Creating an on board optical transmission medium consists of depositing an undercladding,-, core-and uppercladding layer. The chosen optical materials for these layers (see section 2) must be applied on a substrate enabling electrical assembly afterwards. Spin coated Polyimide is chosen for the flexible substrate because of its good properties and the in-house know-how of Polyimide metallization, structuring, chip-embedding… Experiments have shown that the flexibility, strength and reliability of the complete structure is significantly improved when the optically layers are sandwiched between two Polyimide layers, as well as the carrier substrate as the covering layer on top. Hereby we have become an almost symmetrical build-up, releasing the internal stress from the central core layer. Mechanical stress caused by bending will mainly be taken up by the outer Polyimide layers, which own a high tensile strength ( 35 kg/mm 2) and elongation (25 %).
As release carrier substrate 2*2 inch glass plates are chosen, which are roughened at the upper side to avoid bad adhesion. These glass substrates go through a cleaning cycle, performing sequentially an RBS detergent, an Isopropanol and a de-ionized water cleaning, finished by a Nitrogen drying to ensure lowest contamination of the Polyimide film.
Easy release of the substrate from the rigid carrier is obtained in a special way: before spinning the first polyimide layer, the 4 edges of the square glass substrate are coated with an adhesion promoter. The consequence of this is that the first layer of polyimide adheres well to the edges of the substrates, and has marginal adhesion strength to the center of the substrate. However the adhesion to the edges is sufficient to allow for the whole process cycle. After processing the package can be cut out in the area of marginal adhesion by laser ablation and thus peels off easily from the rigid substrate. Laser ablation as cutting method reduces possible micro-cracks at the edges because of the small melt of the edges. After heating the adhesion promoter during one minute on a hotplate to 120 ºC, the polyamic acid is spincoated at 3000 rpm to form a layer of about 5 µm thickness. The curing process of the polyamic acid into polyimide consists of the following heating cycle: a 5 ºC/m temperature ramp up to 200 ºC, 30 minutes curing at 200 ºC, a 2.5 ºC/m temperature ramp up to 380, 60 minutes curing at 380 ºC and a 5 ºC/m cooling period to reach room temperature. This heating cycle also drives the solvents out, but also lowers the water absorption of the Polyimide to a minimum. High moisture absorption is a typical negative property of Polyimide. Next step is a combination of a mixed O 2 /CHF 3 (2 minutes) plasma treatment and a pure O 2 plasma treatment (for 2 minutes) to enhance adhesion of the following layer.
On the Polyimide layer the Ormocer® undercladding layer is spincoated at 1500 rpm to achieve a layer thickness of 50 µm. Next steps are a prebake on a hotplate at 80 ºC for 2 minutes, UV exposure for 60s supplying a dose of at least 300 mJ/cm 2 , post exposure bake on a hotplate at 80 ºC for 5 minutes, a development step for 60s for removal of a 1 to 5 µm unhardened material at the top and at last, a cleaning procedure with isopropanol and nitrogen flow and hardbake for 60 minutes at 250 ºC. This temperature is much higher then the hardbaketemperature recommended in the data sheet of Ormocer (150-200ºC). The reason for this is the hardbake of the Polyimide film that will cover all the optical layers at the top. To cure Polyimide, a temperature of minimum 200 ºC is needed, so it is highly advisable to hardbake each layer of the structure at least at 200 ºC to ensure no more solvents will be driven out of the layers. Experiments have shown that, if done otherwise, the chemical structure of the top Polyimide layer can be drastically changed, loosing its strength and flexibility properties. The Truemode Backplane™ Polymer cladding material is not compatible with the flexible substrate because of its very brittle behavior after the hardbake step. Same process flow and remarks can be made for the uppercladding layer.
The actual optical structures like the waveguides themselves are patterned in the core layer, where matters as UV patternability and laser ablation properties become very important. Research on waveguides implemented on rigid substrates shows us that Truemode Backplane™ Polymer core material is well compatible with the laser ablation process, resulting in high precision, clean waveguides, while laser ablation applied to Ormocer® core material leaves a lot of debris on the waveguide sidewalls. Truemode Backplane™ Polymer however has some adhesion problems when combined with Ormocer® cladding material. The process flow for the deposition of the Ormocer® core layer is the same as that of the Ormocer® cladding layer except the UV exposure is done through a mask for patterning. The exposure takes 40s and the exposed parts will be
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cross-linked and will not be removed by the following development step. The hardbake however cannot be done at 250ºC but at 200 ºC because 250 ºC almost reaches the degradation temperature for the Ormocer® material. For the deposition of a Truemode Backplane™ polymer core layer, an O 2 /CHF 3 (2 minutes) plasma treatment of the cladding layer is needed to avoid adhesion problems. This will probably influence the optical properties of the waveguides. However we will have to wait for the measurements and characterizations of these waveguides to know the real impact of this process step. After spincoating of the core layer at 250rpm for 60s, UV exposure will take place for 20s through a mask. Again unexposed material is removed by 60s development, followed by a second UV exposure step of 60s to ensure full cross linking of the methacrylates. Finally the layer is hardbaked at 250 ºC for 60 minutes.
On the Ormocer® uppercladding, adhesion promoter is spincoated to enhance the adhesion of this layer with the upper Polyimide. The adhesion promoter is heated to 120 ºC on a hotplate for 1 minute before the polyimide layer is spincoated at 3000 rpm resulting in a layer thickness of 10 µm. The thickness of the resulting layer is dependant of the curing process and the temperatures during this process. In contradiction with the polyimide substrate, the upper Polyimide is cured at 200 ºC instead of 380 ºC which results in a lower crosslinking level of polyamide acids and a higher material volume and layer thickness. Heating to 380 ºC is however not possible because of the degradation temperatures of the underlying structures.
The proposed process layout results in a very light, thin (165 µm) module due to the absence of a thick foil or substrate and with a high tensile strength due to that of Polyimide. Very high flexibility is achieved and the minimum mechanical bending radius before damaging the structure is set to less then 0.5 cm. Adhesion between the Polyimide layers and the Ormocer® cladding material can still be improved in the future to higher the tear resistance and lower the minimum bending radius. 
FABRICATION OF OPTICAL WAVEGUIDES
Light that will be coupled into the core layer will be guided in that layer due to total internal reflection, caused by the different refractive indexes of the core-and the cladding layers. Isolating tracks in the core-layer and consequently surrounding the track completely with cladding material results in the creation of optical waveguides. This isolation can be done by patterning the core-layer with a standard photolithographic process with selective exposure of the waveguides to UV-light. An alternative method is laserablation, removing the core-material at both sides of the waveguide (Figure 3) . Ormocer® is well suited to generate patterned layers with well defined optical properties. The preferred means of structuring using this material is a selective polymerization reaction during UV exposure [9] . Ormocer® exhibit negative resist properties and are therefore compatible with thin-film processing of electrical interconnection technology. Because of the sticky behavior of not crosslinked Ormocer®, contact with the projection mask must be avoided and proximity mode photolithography must be applied with good control of the distance of the projection mask. Waveguides fabricated in Truemode Backplane™ Polymer however show low transmission losses (down to 0.13 db/cm) and a typical low rms roughness of about 35nm for a 60 µm x 45 µm cross-section. Photolithography in proximity mode results in well defined waveguides (see Figure 4 ). Measurements will be done later in the research. 
FABRICATION OF 45º OUT OF PLANE TURNING MIRRORS AND ALIGNMENT STRUCTURES FOR A PROOF-OF-PRINCPLE DEMONSTRATOR

Fabrication of 45 degrees out of plane turning mirrors
The data carrying light can be vertically coupled in-and out of the waveguides with 45 degrees out of plane deflecting micro-mirrors, terminating the waveguides and connecting them with laser diode, receivers, optical fibers, open air or other opto-electronic devices. These mirrors can be realized by laserablation with a Kr-F Excimerlaser (248 nm wavelength ) resulting in high performance micro-mirrors with less then 1 dB coupling loss and less than 100 nm rms surface roughness (in Truemode Backplane™ Polymer). Metallization of the mirror surface afterwards results in better reflectivity of the micro-mirror. Special care must be taken to the misalignment of the micro-mirrors and their mechanical and optical behavior during bending of the substrate. Local hardening of the structure can be achieved by attaching a local rigid substrate. Many applications require a not-overall flexible module which allows small local rigid areas.
Fabrication of aligning structures
The combination of optical and electronic assembly on the same module demands proper positioning of the VCSEL's and receivers on one hand and optical fiber arrays, optical elements and deflecting micro-mirrors on the other hand. Aligning structures can cover this demand in means of mechanical stand-off's adjusting the lateral position and height of an element, aligning holes combining lateral positioning and mechanical connection, and micro-lenses focusing the lightbeam into the core of another waveguide or optical fiber increasing the alignment tolerances. One of the most significant advantages of using laserablation in the fabrication of optical structures consists of its ability of visual alignment of the waveguides and micro-mirrors during their fabrication in the same process step as the fabrication of alignment structures. This advantage allows alignment precisions of 1 µm. This is the tolerance on the movement of the laser sample-table. However the visual alignment of the waveguides and micro-mirrors will need higher tolerances and depends on the magnification of the laser visual system, (magnification = x200) resulting in aligning resolution of ±5 µm.
Integration of opto-electronic components
Electronic and optical assembly will both be applied onto the same flexible module for more compactness and a higher level of integration. Electronical assembly will be done on the outer Polyimide films. Opto-electronic components like VCSEL's and photodetectors can not only be placed on one of these Polyimide films, but can as well be embedded in the upper-, core-and undercladding layer and in the Polyimide itself when more Polyimide layers are applied onto each other.
Lay-out 1 Lay-out 2
Lay-out 3 Lay-out 4
Lay-out 5 Five lay-outs are proposed and will be tested ( Figure 5 ):
1. The device is placed on top of the Polyimide layer with a standard flip chip procedure during the electronic assembly of the substrate. 2. The device is integrated into the upper Polyimide layer. This is an in-house patented technique [4] . The upper Polyimide layer will then be much thicker (±60µm). 3. Applying low pressure onto the component after placing it onto the spin coated cladding material before it has been crosslinked during UV-exposure enables the embedding of the component into the top of the cladding layer. In this lay-out the device can detect the light signal without terminating the optical path. 4. The device is put on the bottom Polyimide layer before the optical layers are deposited. 5. Devices with active surface on the edge can be mounted directly into the core layer.
Contact openings to the bumps of the chips are laser drilled through the top polyimide layer achieving a 50 µm pitch and through the polyimide layer together with the cladding layer, achieving a pitch 100 µm. Laser drilling has emerged as the most widely accepted method of creating micro-via's in high-density electronic interconnect and chip packaging . UV lasers are known for high-precision material removal and their ability to drill the smallest via's. The best results are achieved using the frequency-tripled Nd-YAG-laser with a shaped beam. Beam-shaping optics transform the natural Gaussian irradiance profile to a near-uniform profile and allows us to work at an energy level where the Polyimide and the Truemode or Ormocer material are ablated, without damaging the metallization of the bumps of the chip. Tapering is also minimized in comparison with the Gaussian beam-profile.
Electrical assembly of the substrate
Polyimide as flexible substrate was not only chosen for its good properties but also for the rich in-house know how about the electrical assembly on Polyimide concerning metallization, electrical interconnection structuring, placing of electrical components, flip chip technology,… This knowledge will be used to connect and route the electrical signals from-and to the opto-electronic components.
Fabrication of a proof-of-principle demonstrator
The final goal of our work will be the realization of a proof-of-principle demonstrator, including all the elements which have been discussed above (flexible substrate, optical layers, waveguides, turning mirrors, mechanical stand off's, lensplates, MT-ferrule-connection, embedded VCSEL's, embedded receivers, electrical assembly). Figure 5 shows a cross-section of the regarding demonstrator without embedded opto-electronic devices. 
CONCLUSION
The increasing need for flexible modules and the integration of photonics on boards results in a challenging and competitive research which combines both needs by integrating optical interconnection layers and devices on flexible substrates. A process flow to achieve cladding and core-layers of Ormocer® and Truemode Backplane™ Polymer (50 µm thickness) between two flexible spincoated Polyimide (5µm thickness) has been optimized, resulting in a very thin substrate of 160 µm with high flexibility (minimum bending radius < 0.5cm) and with very low bulk propagation loss (0.06 dB/cm for Ormocer® and 0.04 dB/cm for Truemode Backplane™ Polymer). Future work consists of the integration and characterization of waveguides, micro-mirrors, embedded opto-electronic devices and aligning structures. On top of the substrate electronical assembly can be done as on to a standard Polyimide substrate, because of the compatibility of the shown process with standard PCB fabrication processes.
